required information is in the tails of the dilution curves 15 to 60 seconds after the peak, so that the blood sampling should extend 11/2 minutes or more; 2. multiple reference solutes are needed for accurate analysis; and 3. the analysis cannot be applied to highly diffusible solutes which participate in diffusional shunting from inflow to outflow or between capillarytissue units.
Methods 1 The multiple indicator technique
This technique, introduced by Chinard et al. (1955) , incorporates the idea that data on a set of "reference" solutes are obtained simultaneously with those on the solute or substrate of interest. The "reference" solutes are chosen to differ from the test solute in their volumes of distribution or in their ability to traverse membrane barriers.
The technique is either to inject as a bolus or to infuse at constant rate into the inflow a set of tracers of differing molecular characteristics. In designing an experiment to assess transcapillary exchange, one chooses a reference tracer which does not escape from the blood, and a permeant or test substance which does escape. Displacements of the outflow pattern of the test substance from that of the reference substance are then interpreted as resulting from the processes underlying the transcapillary exchange of that substance. For estimating the cell permeabilitysurface area product PS M, one desires a second reference substance which enters the ISF but not the cell. Sets of dilution curves in the venous outflow are obtained by collecting a sequence of blood samples taken at short intervals at known times (0.2 to a few seconds apart) and measuring the tracer concentrations. The data give information from which the probability density function of transit times h(t) is calculable for each tracer. Alternatively, the residue functions for the tracers RR (t) and R D (t) are recorded by use of an external multichannel v-detector-analyzer system. From the pairs or multiples of curves obtained simultaneously the investigator can then derive information on the features of the system which have led to the separation of the tracers. For example, from the difference between the curves (outflow or residue) for the reference intravascular marker and for a permeant tracer, the investigator may attempt via the modeling to extract an estimate of the rate of capillary-tissue exchange of the test substance. From differences in mean transit times and the measurement of the flow provided by the curves, he can obtain estimates of the mean transit time volumes, which reflect the volumes of distribution of the tracers. By far the most definitive and satisfactory way to obtain the estimates of the important exchange rates and volumes has been to fit the observed dilution curves with models for blood-tissue exchange.
The intravascular reference curve is critical since it describes all the dispersion within the vascular system; it is essential that the reference indicator be carried in the blood stream in exactly the same fashion as is the tracer of interest, i.e., having the same intravascular volume of distribution, axial and radial diffusivity, etc. For organs such as heart and brain, albumin or larger molecules serve adequately as references for small hydrophilic solutes which do not enter erythrocytes, so long as differences in intravascular diffusivity are unimportant.
For estimating cellular uptake one prefers to use two or more reference tracers simultaneously. In the experiments of Kuikka et al. (1979) for estimating the cellular uptake and return flux of D-glucose to the effluent blood, we used albumin as the intravascular reference, L-glucose as an extracellular marker with the same capillary PSc as for D-glucose, and 2-deoxy-D glucose as a reference having a similar (slightly higher) cellular uptake rate but a much lower (perhaps zero) cellular efflux. Each of these reference tracer dilution curves gives redundant information on the 406 Basic Research in Cardiology, Vol. 76, No. 4 (1981) parts of the system which are common to two or more tracers so that the accuracy of the estimates of the parameters of the model is much improved. The use of multiple simultaneous functions which must all be fitted by the model is the strongest technique for demonstrating shortcomings of the models yet, at the same time, is one of the strongest techniques for showing the self-consistency of a model, and for obtaining accurate estimates of the physiological parameters.
Model of an aggregate of Capillary-ISF-cell units in an organ
The modeling in the heart is based on the Krogh-cylinder type model assuming that the organ is composed of an aggregate of these in parallel, each behaving 
Capillary-ISF-CELL

vessel transport function hLV (t) is a convolution of h A (t) and h v (t).
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independently of the others. The capillary-ISF-ceU unit is diagrammed in figure 1 and the aggregation of these in figure 2.
The organ model shown in figure 2 differs from that of Rose and Goresky (1976) ; in their model, the transit times in the capillaries were linearly related to those in each in an equally large set of large vessels in parallel. The quantitative effect of the choice of model on the estimates of PS is not yet known.
Estimation of Parameters
Calculation of the sensitivity functions of our model, figure 2, showed the maximum sensitivity to PSM to be in the late downslope phase of the indicator dilution curves, a region in which there is also reflux from ISF to blood. Therefore, manual calculations for PS M was impossible and the model was fitted to all the members of the set of simultaneously obtained dilution curves using the optimizer developed by Levin et al. (1980) , which utilizes the sensitivity functions to obtain rapid convergence.
Two different approaches are possible when fitting the curves. One is to use the probability density function of regional microsphere depositions to give the relative regional flows, the fi's and the wi's, and to estimate the parameters shown in figure 1 . The other is to consider the flow heterogeneity as unknown, but with fi's distributed in a specific fashion around the mean, for example as a Gaussian distribution, and then to optimize the parameters in figure 1 plus the dispersion of the flow distribution. The latter approach would be deemed useful if it is demonstrated that the heterogeneity so estimated were similar to that observed experimentally with microspheres. 
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Results
A set of indicator dilution curves for albumin, D-glucose, and L-glucose are shown in figure 3 . The D-glucose curve is lower than the L-glucose curve because of the uptake into the myocardial cell, there being no entry of L-glucose into the cell, according to Park et al. (1968) , although it crosses the capillary wall into the ISF with the same facility as does D-glucose.
Multicapillary models fitted to such curves gave estimates of PSc of about 0.4 ml g-1 min-1 and PS M of about 0.2 ml g-1 min-1 for D-glucose. These values were obtained using the heterogeneity of flows defined by the microsphere depositions.
The importance of using the multieapillary modeling is shown in figure 4 . When curves generated from a completely defined multicapillary model (as in fig. 2 ) were fitted with a single capillary model in order to estimate parameters, the error in estimates was zero when there was no heterogeneity, as shown by the convergence at 1.0 on the left ordinate in the figure. With a relative dispersion of regional flows of 10 to 25 % there was minor under-estimation of PS M at the particular value tested, and increasingly great overestimation with heterogeneities having relative dispersions greater than 25 %. The relative error in estimates of PS M depends on the value of PSM. This is shown in figure 5 . When PS M is small then the systematic error is a small underestimate; but it may be recalled by looking at figure 3, that any noise in the data will inevitably be associated with substantial random errors. When PS M is larger than 1 ml g-1 min -~, then it tends to be greatly overestimated. The peak of overestimation is at about 5 ml g-i rain-1 as the model becomes increasingly sensitive to changes in PS~ when cell uptake is very large.
Finally, the method of estimating the heterogeneity itself from the dilution curves via the model fitting has proven very useful. The estimated relative dispersions were 60 % of the measured relative dispersions with a correlation coefficient of 0.90 (N = 22). Why not 100 % is not clear.
Conclusion
It is important to take into account the heterogeneity of flows when estimating PS~ when the cell uptake rate is above 1 ml g-1 min-1. At lower PSM'S the need is not so great when PSc is about I ml g-~ rain -~ because of counteropposing influences of the various parameters on the shapes of the curves. It is not known whether this generally applies when PSc is much higher or much lower than 1 ml g-1 rain-1.
